Abstract: Diagnostic on-farm nutrient omission trials were conducted over two cropping seasons (2015 and 2016) to assess soil nutrients related constraints to maize yield in the northern Nigerian savanna agro-ecological zone and to quantify their variability. Two sets of trials were conducted side by side, one with an open pollinated maize variety (OPV) and the other one with a hybrid maize variety and each set had six equal treatments laid out in 198 farmers' fields. The treatments comprised (i) a control, (ii) a PK ('−N,' without N), (iii) an NK ('−P,' without P), (iv) an NP ('−K,' without K), (v) an NPK and (vi) an NPK + S + Ca + Mg + Zn + B ('+SMM,' NPK plus secondary macro-and micro-nutrients). Moderate to a large variability in most soil characteristics was observed in the studied fields. Consequently, cluster analysis revealed three distinct yield-nutrient response classes common for the two types of maize varieties. These define classes were fields that have (i) no-response to any nutrient, (ii) a large response to N and P and (iii) a large response to N alone. Although overall yield performance of OPV and hybrid varieties was similar, a distinct fourth class was identified for the hybrid variety, (iv) fields with a large response to N and secondary macro-and micro-nutrients. The results indicate that the large variability in soil nutrients related constraints need to be accounted for to optimize maize yield in the northern Nigerian savanna. The development of field-and area-specific fertilizer recommendations is highly needed, using simple decision support tools that consider variable soil fertility conditions and yield responses as obtained from this study.
Introduction
Factors such as wide suitability boundaries and multiple socioeconomic uses make maize (Zea mays L.) the most widely grown cereal in Nigeria [1] . According to FAO (Food and Agriculture Organization) data [2], the land area planted to maize in Nigeria increased from 1.38 to 5.20 million hectares . This substantial expansion of the land area devoted to maize cultivation largely resulted in an increase in production from 1.10 to 10.40 million metric tonnes over the same period [2] . However, maize yield per unit area in Nigeria is still low, at about 2 tonnes per hectare (t·ha −1 ) [2] which is far below yields observed in well-managed field experiments of more than 7 t·ha −1 [3] [4] [5] .
Meanwhile, studies from many parts of the country have shown an increasing demand for maize amidst growing utilization by food processing industries and livestock feed mills [6, 7] . Since opportunities to expand a cultivated area are limited [8] , further increases in maize production will be derived from sustainable intensification on existing farmland.
Inherent low soil fertility and poor nutrient management have been one of the major factors limiting maize yield in Nigeria [9] . Most Nigerian soils are highly weathered with low activity clays (such as kaolinite) which makes them more vulnerable to fertility degradation under continuous arable use with poor nutrient replenishment [10] [11] [12] . Deficiencies in soil primary macronutrients (particularly N, P and K) are widespread and have been reported in most parts of the country [9, [13] [14] [15] . In addition, deficiencies of S and some micronutrients have also been reported in some Nigerian savanna soils [16] [17] [18] . Poor soil fertility is currently being addressed by blanket fertilizer recommendations developed based on agro-ecological zones and they are focused mainly on three primary macronutrients (N, P and K) introduced in the early 1970s by the government of Nigeria [12] . These recommendations were developed for large areas based solely on limited, on-station fertilizer experiments conducted between 1950 and 1970 [12] . For instance, a rate of 120/60/60 in kg·ha −1 for N/P 2 O 5 /K 2 O, respectively, is recommended for maize in the northern Guinea savanna region. Although annual fertilizer consumption in Nigeria has increased from 154 to 550 thousand tonnes [19] from 2002 to 2013, its use efficiency has remained low due to the inability of current blanket recommendations to account for variability in soil fertility between and within farmers' fields [17, 20, 21] . Variability in soil fertility may be (i) inherent due to differences in soil forming factors including parent material, local climate and vegetation [22] (ii) and/or due to differences in cropping history and soil management practices depending on farmers' production potentials and other socio-economic factors [23, 24] . Additionally, some of the reasons why optimal nutrient use efficiency is rarely achieved in farmers' fields despite the NPK addition, may be due to other nutrient limitations [17] , together with other factors like water stress, pest and diseases, management etc. For example, responses of maize to S and some micronutrients have been documented in some savanna soils of western and southern Africa [17, [25] [26] [27] . To develop a more robust and effective fertilizer recommendation approach that targets specific field conditions or growing environments, quantifying the variation of soil fertility status and associated responses to nutrient applications is critical.
Multiple location nutrient omission trials conducted in heterogeneous farmers' fields offer the most effective and simple way to study these variations in response. Thereafter, multivariate cluster analysis may provide an insight into the magnitude, extent and governing factors that are responsible for these variability patterns [28] . Multivariate cluster analyses group fields with similar responses to nutrient application into distinct classes [29] . Previous studies by Kihara et al. [30] and Njoroge et al. [31] attempted to understand the extent and distribution of variability in maize response to fertilizer and amendments in sub-Saharan Africa (SSA). However, Kihara et al. [30] covered only one sentinel site (Pampaida, Ikara located in the northern Guinea savanna of Nigeria) while their findings were invoked as representative for the entire maize production zone in Nigeria. Given the huge variability, this generalization seems insufficient to arrive at proper site-specific fertilizer formulations and recommended application rates to improve fertilizer use efficiency in Nigeria. Therefore, this study was conducted in major maize production areas in northern Guinea and Sudan savanna zones of Nigeria to: (i) assess the status and the extent of spatial variability of soil fertility in maize-based cropping systems, (ii) understand the extent and distribution of different classes of maize yield response to nutrient applications and (iii) delineate soil properties that are responsible for the different yield-nutrient response classes.
Materials and Methods

Site Selection and Description
Diagnostic on-farm nutrient omission trials (NOT) were conducted across fourteen study sites in three administrative states of northern Nigeria: Kaduna (with experimental fields in Lere, Kauru, Soba, Ikara, Makarfi and Giwa local government areas), Katsina (with experimental fields in Funtua, Dandume, Faskari and Bakori) and Kano (with experimental fields in Tofa, Bunkure, Tudun Wada and Doguwa) ( Table 1, Figures 1 and 2) . The study and field experimental sites were purposefully selected to cover a wide range of maize growing conditions in major maize production potential areas and to cover areas where research for development can support extension support programs engaged in maize value chain initiatives. The northern Guinea savanna (NGS) is the main agro-ecological zone common to all the study sites except Tofa and Bunkure that belong to the Sudan savanna (SS) agro-ecological zone (Figure 1 ). In each of the fourteen study sites, one to two (depending on the size of the study site) 10 km × 10 km grid(s) were randomly generated using ArcGIS version 10.2.2 software (Environmental System Research Institute, Redlands, CA, USA). Then, within each of these 10 km × 10 km grid(s), five 1 km × 1 km sub-grids were randomly distributed. In each of the 1 km × 1 km sub-grids, one experimental field was randomly selected based on the availability of land for the trial set-up. Ninety-five (95) and one hundred and three (103) experimental fields were selected in the 2015 and 2016 rainy seasons, respectively (Table 1 and Figure 1 ). In each of the selected experimental field, two sets of trials were established side by side; one with an open pollinated maize variety "OPV" and the other one with a hybrid maize variety "hybrid." 
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Experimental Design, Management and Laboratory Analyses
The on-farm diagnostic field trials were conducted using a modified nutrient omission trial design consisting of six treatments. The treatments included a control ("Cont") without nutrients applied, N omitted ("−N") with P and K applied, P omitted ("−P") with N and K applied, K omitted ("−K") with N and P applied, NPK treatment ("NPK") and a treatment ("+SMM") where secondary macronutrients (S, Ca and Mg) and micronutrients (Zn and B) were applied in addition to the NPK. The primary macronutrients (N, P and K) were applied at 140 kg N·ha −1 , 50 kg P 2 O 5 ·ha −1 and 50 kg K 2 O·ha −1 for NGS sites; and at 120 kg N·ha −1 , 40 kg P 2 O 5 ·ha −1 and 40 kg K 2 O·ha −1 for SS sites. The secondary macronutrients and micronutrients were applied at 24 kg S·ha −1 , 10 kg Ca·ha −1 , 10 kg Mg·ha −1 , 5 kg Zn·ha −1 and 5 kg B·ha −1 in all sites. NPK fertilizer nutrients were applied at rates considered to be sufficient to achieve the expected attainable yield without nutrient limitation in each agro-ecological zone. Nitrogen (N) was applied in three equal splits, i.e., at planting (basal), at 21 and 42 days after emergence (DAE). All other nutrients were applied at planting. Nutrients applied at planting were applied using band row placement and incorporated, while the 2nd and 3rd N splits were applied by side dressing and earthen-up. The field trials were established and managed by researchers.
The OPV varieties used were IWD C2 SYN F2 (with 105-110 days to maturity) and EVDT W STR (with 90-95 days to maturity) in NGS and SS study sites, respectively. While hybrid varieties used were OBA SUP-9 (with 105-110 days to maturity) and OBA SUP-1 (with 105-118 days to maturity) for 2015 and 2016 seasons, respectively in all study sites. The treatment plot size was 5 m × 6 m (30 m 2 ) with a plant spacing of 0.75 m (inter-row) × 0.25 m (intra-row).
Four auger soil samples were collected at 0-20 cm depth from each field during trial establishment before application of fertilizer treatments using a V zig-zag random sampling pattern. The four collected samples were thoroughly mixed and passed through 2 mm sieve to have one disturbed composite sample per field for laboratory analysis. In addition, one undisturbed core sample was also collected close to each of the four auger points in each field and used for bulk density determination using the thermo-gravimetric core method [38] ; the results were averaged to have one bulk density value per field.
The disturbed composite samples were used to analyse major soil characteristics using wet chemistry. Total soil organic carbon (total C) was measured using a modified Walkley & Black chromic acid wet chemical oxidation and spectrophotometric method [39] . Total nitrogen (total N) was determined using a micro-Kjeldahl digestion method [40] . Soil pH in water (S/W ratio of 1:1) was measured using a glass electrode pH meter and the particle size distribution following the hydrometer method [41] . Available phosphorus (avail. P), available sulphur (avail. S), exchangeable cations (K, Ca, Mg and Na) and micronutrients (Zn, Fe, Cu, Mn and B) were analysed based on the Mehlich-3 extraction procedure [42] preceding inductively coupled plasma optical emission spectroscopy (ICP-OEC, Optima 800, Winlab 5.5, PerkinElmer Inc., Waltham, MA, USA). Exchangeable acidity (H + Al) was determined by extracting soil with 1N KCl and titration of the supernatant with 0.5M NaOH [43] . Effective cation exchange capacity (ECEC) was calculated as the sum of exchangeable cations (K, Ca, Mg and Na) and exchangeable acidity (H + Al). All the laboratory analyses were performed at the IITA laboratories in Ibadan, Nigeria.
Harvesting was carried out at physiological maturity in a net plot of 9 m 2 (i.e., comprising four middle rows of 3 m length). Plants in the net plot were harvested and total fresh weights of cobs and stover were recorded. Ten cobs and five stalks of stover were randomly selected as subsamples to account for grain shelling percentage and moisture content after air-drying. The random selection was carried out by first counting the number of cobs or stalks in the net plot and then randomly arranging them in line; the subsamples were then taken at every interval calculated as the total number of cobs or stalks in the net plot over the number of subsamples to be taken. Finally, grain yield was expressed on a dry weight basis at 15.0% moisture content.
Data Analysis
Descriptive statistics were used to check the average and standard deviation values of each of the soil characteristics at each study site using JMP version 13.0 statistical software [44] . Variation in soil properties was assessed using the coefficient of variation (CV) and rated as small (<15%), moderate (16-35%) and large (>35%) [45] . Analysis of variance on the response of yield to fertilizer treatments was also conducted at each study site using JMP version 13 software, a linear mixed model was used with experimental fields within study sites used as a random term. The analysis excluded fields where responses to treatments were observed to have been affected by waterlogging, poor weed management and excessive damage by intruders (thieves or livestock). Thus, 174 out of 198 fields were analysed. The analysis of variance was conducted at two levels; (i) comparing the control with NPK treatments across the sites to explore the overall effect of NPK and (ii) comparing the yield difference of the treatments relative to NPK to assess yield gain/loss when a nutrient was omitted or applied across the study sites. The treatment effects were also regressed against the 'environment' yield (calculated as the average yield for all treatments at a given study site) to evaluate the most stable treatment effect across the study sites [46] . In addition, to assess the impact of rainfall on the effect of treatments, yield treatment effects were correlated and regressed with cumulative rainfall (R) and Shannon rainfall distribution index (I) at 25, 50, 50-75, 75 and 100 days from planting (DFP), respectively. The Shannon rainfall distribution index was calculated as follows [47] where high values stand for equal distribution and low values for a lack of distribution:
pi = proportion of total rainfall in day and N = number of days To obtain a meaningful and straightforward classification of the different fields, grouping those with similar nutrient response patterns, multivariate K-means cluster analysis was used. This provides an opportunity to design appropriate fertility management interventions that can be recommended. The cluster analysis was conducted on the yield difference of each treatment relative to the control. To select an optimal number of clusters, observations on meaningful distinct cluster response patterns and on the high cubic clustering criterion (CCC) [48] were used in 2-10 successive K-means clusters using JMP version 13.0 statistical software. Finally, 3 clusters were retained in OPV and 4 clusters in hybrid trials. A multinomial logistic regression model was then used to understand soil characteristics and the associated nutrient management history responsible for the presence of a field in a specific cluster. Due to some outliers in the soil characteristics, a total of 132 fields for OPV and 115 fields for hybrid were used in the multinomial logistic regression. For each identifiable cluster, an average value of each soil characteristic variable was presented to shed more light on its characteristics.
Results
Soil Physicochemical Characteristics
Soil particle size distribution showed a moderate variability with a dominant sand fraction in all study sites (Table 2) . Doguwa, Kauru and Lere sites have a sandy clay loam texture while Bunkure, Tofa and Tudun Wada have a sandy loam texture. The other sites have a loam texture. All the sites apart from Tofa have an average bulk density below 1.6 g·cm −3 considered best for root growth and aeration in a soil with a larger sand fraction relative to clay and silt [49] . Soil pH showed little variability across the sites with a mean value ranging from 5.6 to 6.4 (Table 2 ) and hence soils are categorized as moderately acid (5.6-6.0) to slightly acid (6.1 to 6.5). Soil total organic carbon (total C) showed a large variation among the experimental fields, although all the average values fell below 10 g·kg −1 which is considered low according to the ratings of the National Special Programme on Food Security (NSPFS) [50] . Soil total nitrogen (total N) content was also generally low like the total C but with a moderate variability among the experimental fields. Available phosphorus (avail. P) differed strongly across the study sites with average values ranging from 3.1 mg·kg −1 to 25.0 mg·kg −1 ( The concentration of exchangeable calcium (Ca) varied moderately across the sites (Table 3) , with an average content between 1.42 and 3.21 cmol c ·kg −1 . However, majority of the sites have a moderate content (2-5 cmol c ·kg −1 ) except for Lere, Faskari and Bunkure sites with a low content (<2 cmol c ·kg −1 ) as suggested by the classification of Esu [52] . Moderate contents of exchangeable magnesium (Mg) concentration (0.3-1.0 cmol c ·kg −1 ) were also observed in all the study sites (Table 3) . Exchangeable potassium (K) exhibits large variability across the study sites with an average content ranging from a moderate (0.16) to high (0.35 cmol c ·kg −1 ) values (Table 3) . In all the sites (Table 3) , the average values of exchangeable sodium (Na), exchangeable acidity ((H + Al) and effective cation exchange capacity (ECEC) were low, i.e., <0.1, <1.0 and <6.0 cmol c ·kg −1 , respectively. Average values of available iron (Fe), zinc (Zn) and manganese (Mn) in the soils ( 
Yield Response to Fertilizer Treatments
Application of NPK significantly increased grain yield in all the study sites ( Figure 3 ). Averaged across study sites, the overall yield performance of OPV and hybrid varieties was similar. However, the incremental yield response to NPK application relative to control varied among the various sites. In OPV trials, NPK application produced grain yield that was twice as high as that of the control in all sites, except in Giwa, Bunkure, Bakori, Funtua and Dandume where an increase of 97%, 93%, 90%, 72% and 50% was observed, respectively ( Figure 3) . Similarly, in hybrid trials, application of NPK resulted in grain yield of more than twice that of the control in all study sites except in Dandume where an increase of 53% was observed (Figure 3 ).
There was a wide variation among the study sites and varieties in terms of loss or gain in maize grain yield resulting from the omission of primary macronutrient(s) from the NPK treatment or addition of secondary macro-and micro-nutrients to the NPK treatment (Figure 4) . In both OPV and hybrid trials, an omission of N (−N) from the NPK resulted in a loss in grain yield of at least 1.5 t·ha −1 in all sites except at Bunkure where a reduction of less than 1.2 t·ha −1 was observed (Figure 4) . Largest reduction in grain yield of more than 3 t·ha −1 due to −N was found in Lere and Makarfi for the OPV and in Lere, Kauru, Faskari, Bakori and Tofa for the hybrid maize variety. The omission of P (−P) similarly led to a drastic reduction in maize grain yield relative to the NPK treatment in all the sites ( Figure 4) . P is the next most important yield-limiting nutrient after N; except in Giwa and Doguwa where the reductions in yield were larger for −P compared to −N. In OPV trials, largest yield reductions of more than 2.5 t·ha −1 because of −P were obtained in Lere, Kauru, Soba and Doguwa. In hybrid trials at Lere, Kauru, Faskari and Doguwa reductions of more than 2.5 t·ha −1 were obtained due to −P. The largest decrease in grain yield (0.96 and 0.81 t·ha −1 ) due to the omission of potassium (−K) was recorded in the trials in Kauru with OPV and in Ikara with hybrid, respectively ( Figure 4 ). Contrary to this, average gains in grain yield in the order of 0.27-0.56 t·ha −1 because of −K were recorded in two sites with OPV trials (Giwa and Tofa) and in two sites with hybrid trials (Soba and Bunkure). The addition of secondary macro-and micro-nutrients (+SMM) resulted in a consistent gain in grain yield of 0.2-1.08 t·ha −1 compared to NPK treatment in both OPV and Hybrid trials in Soba, Giwa, Faskari and Bunkure.
The stability analysis of all trials ( Figure 5 ), allows to draw important conclusions with respect to the overall effectiveness of a given treatment and its resilience against environmental variables. Slope and intercept of the regression lines between treatment means and environment means are crucial in this respect. While the intercept and the general position with respect to the x-axis indicate the yield performance of the different treatments, the slope is indicative of the impact the environment may exert on the variability in yields. Hence, regression lines with small slope values point to a relative insensitivity to environmental factors and consequently to a stable system. First, control (Cont) and minus N (−N) treatments demonstrated the smallest intercepts and smallest slopes in comparison to all other treatments implying that they were more stable but at a poor level of performance. Secondly, the omission of P (−P) resulted in a larger yield compared to Cont and −N treatments in both sets of trials with a slightly larger slope value, indicating a slightly reduced resiliency. Finally, the +SMM, NPK and −K treatments with OPV's responded equally and perform better in all the environments while in the hybrid trials, +SMM had a slighter slope implying more resilience in the low yielding environments while they responded similarly to NPK and −K in environments where yields were high.
OPV grain yields were not significantly affected, neither by cumulative rainfall (R) nor by its distribution (Shannon distribution index (I)) and this for all six treatments and both years of the study (Table 5) . A slightly different picture emerges for the hybrid trials where the high Shannon distribution index (I) computed for the first 75 days from planting (75 DFP) reduced the control yield (Table 6 and Figure 6 ). In addition, both I and R negatively affected the −P grain yield, for periods 75 and 100 DFP (Table 6 and Figure 6 ). This indicates that a zero application of nutrients or omission of P from the NPK renders the hybrid maize more negatively susceptible to high rainfall amount and a more equal distribution. Table 6 ) for the 14 study sites, 2015-2016. Figure 6 . Regression of grain yield versus Shannon rainfall distribution index (I) (A) and cumulative rainfall (R) (B) in case where correlation coefficient revealed a significant relationship (see Table 6 ) for the 14 study sites, 2015-2016. Table 6 . Correlation coefficients among treatment yields with Shannon rainfall distribution indices (I) and cumulative rainfall (R) in hybrid trials. 
Grain
Yield-Nutrients Variability Response Clusters
From the multivariate K-means cluster analysis, three clusters could be identified in the OPV trials and four clusters in the hybrid trials ( Figure 7) . Cluster I to III are common to both varietal trials, while cluster IV is specific to hybrid trials only. Attributes of the response clusters are as follows:
• Cluster I: Fields without yield response to any nutrient application, therefore called "no response fields." Attainable yield level in this cluster fell between 3 and 3.7 t·ha −1 for OPV and 2.7 and 3.8 t·ha −1 for the hybrid variety, respectively. The cluster contains 9% and 16% of the OPV and hybrid study fields, respectively (Table 7) . Among the four clusters, the fields in this cluster received the largest manure application preceding the trials and the smallest urea fertilizer application ( Table 8) . As a result, the fields in this cluster have the highest soil organic C content. In addition, fields in this cluster also have the highest available Fe content.
•
Cluster II: Fields with a large yield response to N and P, hence known as "N and P response fields." Attainable yield levels were 4.6 to 4.8 t·ha −1 and 4.8 to 5.3 t·ha −1 for OPV and hybrid variety, respectively ( Figure 7) . It is the largest cluster containing 63% of the study fields in both OPV and hybrid trials (Table 7) . Using no-response cluster I as the reference category, multinomial logistic regression as indicated by significant odds ratios ( Table 8 ), showed that relatively low soil organic C, small Fe and high available S were the soil properties statistically responsible for allocation of fields into this cluster.
Cluster III: Fields with a larger yield response to N only and a small response to P, K and SMM (secondary macro-and micro-nutrients), therefore called "N response fields." The attainable yield in this cluster fell between 4.7 and 5.8 t·ha −1 for OPV and 5.1 and 5.3·ha −1 for hybrid, respectively ( Figure 7 ). Twenty eight percent (28%) and 17% of OPV and hybrid study fields, respectively are assigned to this cluster (Table 7) . Low soil organic C, high available P and high bulk density relative to the corresponding values in the reference cluster I (Table 8) were the significant soil characteristics responsible for the allocation of fields into this cluster.
Cluster IV: Fields in this cluster have a large yield response to N and SMM, a small response to P and K. Therefore, they are called "N and SMM response fields." Addition of SMM increased yield by 1.4 t·ha −1 over the NPK. Cluster IV held only 4.0% of the hybrid fields (Table 7) and holds the largest attainable yield compared to all other clusters of 6.4 to 8.3 t·ha −1 (Figure 7 ). High soil available P as twice the average content of the reference cluster I and low organic C and available B contents were the significant soil characteristics of fields for this cluster (Table 8 ). In addition, fields in this cluster received the smallest organic matter input and the largest NPK applications before the trials. 
Discussion
Soil Characteristics
Most of the studied fields do not have potential acidity problems since the exchangeable acidity (Al + H) is less than 1 cmol c ·kg −1 and average pH values are within the range of 5.5-7.0. These values are considered ideal for most crops including maize and lead to pH-values entailing an optimal nutrient availability [53] . The high sand fraction in the soils can be attributed to the parent material as most of these soils were developed on deeply pre-Cambrian basement complex rocks like granite and sandstone. In addition, sorting of soil materials as a result of clay eluviation and wind erosion has been reported as one of the major reason for a high sand fraction in the surface soils of northern Nigeria [54, 55] . The low total C-contents (indicative of low organic matter content), total N and ECEC in the soils can be related to two factors; (i) inherently, the sandy nature of the parent material containing a low weatherable mineral reserve necessary for nutrient recharge and a small capacity for carbon storage, (ii) anthropogenically, through burning or complete removal of crop residues for livestock and other needs [56] . Many studies have reported low total C, total N and ECEC contents within the study area [9, 13, 14, 57] . The moderate to high average exchangeable K contents in all the sites can be linked to the presence of an appreciable amount of K-bearing Feldspar minerals in the sand and silt fractions in the study area [58] and the residual effect of the historic K application from NPK fertilizer in the fields.
The low exchangeable Ca concentrations in Lere, Faskari and Bunkure indicate the potential development of Ca-deficiency in those areas. The high concentrations of available Fe and Mn in the soils are not surprising given the soil acidity which is very unlikely to lead to Fe-and/or Mn-deficiency. As reported by Sillanpää [59] , only at pH above 7.5 does Mn availability become very small owing to the formation of hydroxides and carbonates. Likewise, Fe is known to be highly soluble under relatively acid and reducing conditions [14] . Møberg and Esu [58] have also documented the predominance of Fe-bearing minerals like haematite and goethite in sand and clay fractions of Nigerian savanna soil. The low B contents in the studied soils are associated with a low organic matter content which is the major reservoir of B and a high leaching potential (B being mobile) due to both high rainfall intensity and coarse-textured soils [60, 61] .
Variability in Yield Response to Nutrient Application
A large variability in maize grain yield response to nutrient applications was observed both within and between study sites and varieties (genotype). This indicates a substantial effect of soil variability and varietal characteristics on maize yield nutrient requirements. More than 70% of the study fields (i.e., all except cluster I) showed a larger response to N application and yield was significantly reduced when N was omitted from the NPK in most of the study sites. This asserts that N is the most yield-limiting nutrient. Similarly, other studies have reported a significant response of maize to N application in the Nigerian Savannas [62] [63] [64] . Overall, N deficiency is recognized as the most limiting nutrient in cereal cropping system over large areas of SSA including Nigeria [65, 66] . This suggests that fertilizer practices and technologies that manage N dynamics in the soil are highly required for optimal performance of maize in the northern Nigerian savannas. Rotation of cereal crops with legumes, appropriate application of inorganic N fertilizer combined with well-managed manure [65, 67] can help farmers to improve N status in their fields. Phosphorus is the another most important yield-limiting nutrient after N as 63% of the fields showed a larger yield response to P application (cluster II). Kamara et al. [57] and Shehu et al. [14] have reported the occurrence of small available P contents (<7 mg·kg −1 ) in more than 50% of the fields in some parts of the study area. Average exchangeable K content in most of the study fields is at or above the critical level of 0.16 cmol c ·kg −1 [68, 69] , which is linked to the small response of K application observed in all the clusters.
The no-response fields (cluster I) have noticeably higher organic C (7.7 g·kg −1 ) and Fe (185.33 mg·kg −1 ) contents. Although the reason for higher Fe content in this cluster was not clearly understood, the larger historic application of organic resources at 6052.67 kg·ha −1 before the start of the trials attributed to the high organic C. The presence of fields that are non-responsive to nutrients application has been reported elsewhere in sub-Saharan Africa (SAA) [30, 67, 70] . Relative to no-response fields, lower Fe (144.12 mg·kg −1 ), lower organic C (6.97 g·kg −1 ) and higher available S (7.38 mg·kg −1 ) contents were significantly responsible for allocation of fields into cluster II with larger yield response to N and P. Therefore, this could point towards a high probability that an excess Fe might have substantially reduced mineralization and availability of the applied P in the no-response fields through the formation of insoluble iron phosphates. Meanwhile, the relatively large organic matter content in the no-response fields might have resulted in adequate available N, thus limiting the yield response of fields to the applied N. Soil organic matter, particularly the labile fraction plays a significant role in N mineralization because it acts as an easily accessible source of energy for microorganisms and in return results in greater N mineralization [71] . However, there is a need for more research to investigate the effect of the Fe content and other factors accounting for non-responsiveness to fertilizer application in the no-response fields.
Cluster III and IV with a limited yield response to P have the highest average soil available P contents of 11.21 and 17.7 mg·kg −1 , respectively. Both values for available Mehlich-3 P are above the soil critical levels of 10 mg·kg −1 for maize as reported by Redi et al. [72] below which P becomes deficient. The high soil P content is likely due to the residual effect of historical P applications, as P applied through fertilizer or manure, not taken up by the crop or temporarily fixed in the soil is released slowly to the succeeding crops [73] . Therefore, a larger addition of P to those fields could even reduce yield as excessive levels of P in the soil might become toxic or disrupt the nutrient balance. Similar fields with limited yield response to P application have been reported across Sub-Saharan Africa (SAA) under cereal production [30] . Although B content in all the clusters was below the critical level as indicated in the literature ranging between 0.15 to 0.5 mg·kg −1 [60] , relatively lower B contents were significantly identified as the major factor for allocation of fields into cluster IV with a large yield response to secondary macro-and micro-nutrients (SMM). It follows that there is a need for comparable diagnostic trials where each individual SMM is omitted to clearly understand their independent role in yield response before designing improved nutrient addition schemes. Stability analysis also supported the need, as the addition of SMM to the NPK treatment resulted in a more stable yield across all the environments but especially for hybrid varieties. This might indicate a potential future deficiency of SMM if the current trend of only using N, P and K based fertilizers with small organic matter additions and complete crop residue removal, as is common among farmers, continues. This may demand reformulation of fertilizers for addressing emerging nutrient requirements for balanced nutrition.
Management
A small maize yield response to K application was obvious in all clusters. It follows that only small amounts of K applications are required for maintaining high maize yields as well as for maintaining soil K reserves based on site-specific nutrient management (SSNM) principles. SSNM provide guidelines for maintenance K application in high potential maize production environments to avoid depletion of soil K reserves in the long-term [74] . The present results of maize response to K however, do not support the current high rate of K (60 kg K 2 O·ha −1 ) recommended in many cropping areas in northern Nigeria savannas. This suggests that farmers who can afford to access K fertilizers to meet the recommended rate are generally applying more K than required for maximizing maize production resulting in lower profitability. Consequently, the blanket recommendation rate of K needs to be adjusted and this adjustment will have large implications for crop production, especially in farming systems where farm level resources are scarce such as in Nigeria as well as in other areas in SSA.
For the largest cluster displaying N and P yield response (cluster II), the focus should be on optimizing N and P supply, while small applications of K and SMM are recommended for maintenance and for a slight increase in attainable yield since balanced application of N, P, K and SMM resulted in a small yield increase of at least 0.3 t·ha −1 over N and P applications alone. Optimal application of N and a small application of P and K is sufficient for fields in cluster III with large yield response to N only, no addition of SMM is required as their application resulted in a slight decrease in yield over the NPK alone. Fields in cluster IV with a large yield response to N and SMM requires an optimal application of N and SMM and a small application of P and K for reserve maintenance. The no-response fields (cluster I) requires specific management once the underlying root causes are clearly understood [74] . Therefore, for now the attention should be directed toward understanding the root causes and management options to restore their responsiveness.
Conclusions
Most soil characteristics of the studied fields reveal large variability, while in general they are all characterized by low contents of total C, total N, ECEC and available boron. Consequently, maize showed a large degree of variation in yield response to nutrient applications across the studied fields. Nitrogen and phosphorus were generally the most limiting nutrients for maize production in the northern Nigerian savanna zone. However, in a few study fields, maize yield responded significantly to secondary and micronutrients as well. Overall, the maize yield response to K was small across sites suggesting that only small amounts of K are required for maximizing maize production as well as for soil fertility maintenance to minimize depletion of K reserves and sustain maize productivity in the long-term. It is apparent that the site-specific variations in soil nutrient related constraints need to be matched with specific varietal (genotypic) requirements to optimize maize productivity in the Nigerian savanna. Decision support tools (like Nutrient Expert), if well calibrated using information from the response clusters may offer a feasible and cheaper alternative for the development of fertilizer recommendations that are tailored toward specific fields and farm conditions. Fields without any response to fertilizer application are widespread in the Nigerian savanna and there is a need to investigate the underlying causes to restore their responsiveness for a sustainable maize intensification. In addition, there is also a need for diagnostic trials involving the omission of secondary macro-and micro-nutrients separately to understand their distinctive role in limiting maize yield and the link with underlying soil characteristics.
